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11 Abstract 

12 Group A streptococci (S. pyogenes) are responsible for pharyngitis, impetigo and several more serious diseases. Emergence of toxic shock, 

13 and necrotizing fasciitis, associated with this pathogen over the past 10 years, has generated interest in development of a vaccine, which 
H would prevent infections and potential serious complications. The highly conserved C5a peptidase that is expressed on the surface of group A 

15 streptococcus and other streptococcal species, associated with human infections, is a prime vaccine candidate. Here, we report construction of 

16 an inactive form of the peptidase and test its potential to induce protection in mice from intranasal challenge with either serotype M 1 and M49 

17 strains of streptococci. Mice were immunized by subcutaneous administration of recombinant proteins, mixed with Alum and monophosphoryl 
ie lipid A (MPL) adjuvants. Control mice were vaccinated with tetanus toxoid in the same adjuvants. Preparations of SCPA protein were highly 

19 immunogenic in mice. Antibody directed against protein from either group A (SCPAw) or group B (SCPBw) streptococci neutralized activity 

20 associated with both enzymes. Streptococci were cleared from the oral-nasal mucosa of mice immunized with vaccine protein more rapidly 

21 than those immunized with tetanus toxoid. Moreover, immunization with either protein enhanced clearance of group A streptococci from the 

22 lung. These results suggest that parenteral vaccination with SCPBw protein will provide protection against infection by either group A or B 

23 streptococci. 

24 © 2004 Published by Elsevier Ltd. 



25 Keywords: Immunization; C5a peptidase; Streptococci 

26 



26 1. Introduction 

27 Group A streptococci are responsible for a variety of hu- 

28 man infections and complications. Streptococcal pharyngitis 

29 is alleged to account for 10-30% of office visits to a gen- 

30 eral medical practice. Although rheumatic fever continues 

31 to be common and responsible for the bulk of heart valve 

32 disease in children of the third world, vaccine development 

33 was ignored. In developed countries Streptococcal pharyngi- 

34 tis was considered relatively harmless and readily treatable 

35 with antibiotics. This perception changed in the early 1990s, 
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when reports of serious group A streptococcal infections as- 36 

sociated with toxic shock and necrotizing fasciitis became 37 

more common in the US and Europe. Moreover, clusters of 38 

rheumatic fever and sporadic cases of puerperal sepsis were 39 

also on the rise [1,2]. At the same time, it became appar- 40 

ent that penicillin failed to eradicate streptococci from the 41 

throats of up to 40% of children who are treated, and at least 42 

a third of those go on to have recurrent disease [3,4]. Af- 43 

ter 4 years of age children may have recurrent episodes of 44 

pharyngitis and tonsillitis. Osterlund et al. reported that chil- 45 

dren who suffer from recurrent tonsillitis harbor intracellular 45 

streptococci that have avoided extensive penicillin therapy 47 

and suggested that tonsils can be the reservoir for recurrent 48 

disease [5]. 49 
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so The goal of vaccine development is to prevent pharyn- 

51 gitis, thereby reducing or eliminating the reservoir for this 

52 common childhood disease. Elimination of pharyngitis and 

53 impetigo is presumed to ultimately reduce the incidence of 

54 more serious streptococcal infections, and reduce the poten- 

55 tial for complications. Earlier attempts to develop group A 
se streptococcus vaccines focused on the M protein [6,7], but 

57 safety considerations and recognition of antigenic variability 

58 in M proteins temporarily challenged this approach. More 

59 than 100 serotypes, determined by the antigenic variability 
eo of M protein, are known to exist and unlike pneumococcus 

61 and haemophilus disease can not be attributed to a limited 

62 number of serotypes. Instead the predominant serotypes in a 

63 population rapidly change, and vary considerably in different 

64 parts of the world. 

es Studies of streptococcal pathogenesis have revealed other 

ee virulence factors that are potential vaccine candidates. Our 

67 approach has focused on the C5a peptidase, an enzyme 

es that is bound to the surface of most group A streptococcal 

es strains tested and is antigenically conserved among differ- 

70 ent serotypes. This large protein antigen is also produced by 

71 human isolates of group C streptococci (unpublished data), 

72 group B [6,35], and G streptococci [7]. Experiments in mice 

73 showed that SCPA retards the influx of phagocytic cells and 

74 clearance of streptococci from subdermal sites of infection 

75 [8]. It was also shown to augment persistence of streptococci 

76 on the oral mucosa following intranasal infection [9]. In- 

77 tranasal immunization initiated a specific IgA response and 

78 increased clearance of streptococci from intranasally infected 

79 mice [10]. Local immunization provided protection across 
eo serotype boundaries, as expected. The human immunological 
si response to SCPA has not been extensively studied. O'Connor 

82 et al., however, discovered that most adults (79%) have mea- 

83 surable SCPA specific IgA in their saliva; whereas, fewer than 

84 10% of children under the age of 10 years have measurable 
as antibody [11]. The concentration of anti-SCPA IgA increases 
se following pharyngitis [11]. Serum levels of anti-SCPA paral- 
87 lei those of anti-streptolysin O and peak between 10 and 12 
ee years old [1 1,13]. 

89 The above observations suggested that SCPA could be 

90 used in a vaccine to prevent human disease. We propose 

91 that immunization with recombinant, enzymatically inac- 

92 tive SCPA would induce neutralizing antibodies that would 

93 augment the phagocytic response at the earliest stage of in- 

94 fection by preserving the C5a chemotaxin. This would in 

95 turn enhance clearance of streptococci before colonization 

96 is achieved. Here we describe construction of a mutant, en- 

97 zymatically inactive form of peptidase in which the catalytic 

98 aspartate (D 130 ) and serine (S 512 ) were replaced with alanine. 

99 This protein was mixed with alum and MPL as adjuvants and 

100 injected subcutaneously into mice. Both the total specific an- 

101 tibody and neutralizing antibody response was evaluated. Ex- 

102 periments demonstrate that vaccination with C5a peptidase 

103 from either group A or group B streptococci induces an im- 

104 mune response that enhances clearance of streptococci from 
the lungs and nasal mucosa of intranasally challenged mice. 



2. Methods 105 

2. /. Bacterial strains and growth ioe 

Group A streptococcal strains 90- 131, 90-226 [12,14] and 107 

MGAS5005 [15] are serotype Ml, serum opacity negative ioe 

and represent the highly invasive clone previously described. 109 

MGAS5005 was a gift of James Musser, Rocky Mountain no 

Laboratory, Hamilton, Mt. Strain CS101 is an M49, serum m 

opacity positive culture, which was previously described 112 

[16]. Streptococci were grown in Todd-Hewitt broth supple- 113 

mented with 2% neopeptone (Difco Laboratories, Detroit, m 

MI) or on solid media containing Difco Blood agar base and 115 

sheep blood cells. Overnight cultures were transferred into ne 

Todd-Hewitt broth that contained 20% rabbit serum (Gibco 117 

Life Technologies) and grown to optical density at 560 nm ne 

of 0.5-0.6 or log phase. Bacteria were washed three times 119 

with phosphate-buffer-saline (PBS) and resuspended in PBS 120 

so that 20 fxl contained 1 x 10 8 to 10 9 CFU/ml. 121 

The E. coli strain Topi OF (Invitrogen Corporation, Carls- 122 

bad, CA) was used for plasmid maintenance and was cul- 123 

tured in Luria-Bertani medium. BL21(DE3) (Novagen, Inc., 124 

Madison, WI) was used for protein expression and was 125 

cultured in 20 g/L HySoy (DMV International, New York, 126 

NY), 5 g/L yeast extract (Difco), 0.5 g/L sodium chloride, 127 

and 10 mM potassium phosphate buffer (pH 7.2). Antibi- 12s 

otics were used at the following concentrations: ampicillin 129 

(100|ig/ml), kanamycin (50 |mg/ml), and chloramphenicol 130 

(30 |xg/ml). Restriction enzymes were obtained from New 131 



England Biolabs. 132 

2.2. Construction ofASCPA49, SCPAw and SCPBw 133 

recombinant vaccine proteins m 

An enzymatically inactive, truncated form of SCPA49 pro- 135 

tein, ASCPA49, was produced in E. coli and purified by affm- 136 

ity chromatography as previously described [8]. SCPAw orig- 137 



inated from the wild- type scpA gene that was amplified by 13s 

PCR from the Ml serotype 90-226 strain of streptococcus in 139 

the following manner. A segment of the gene from just after uo 

the signal sequence to the beginning of the cell wall repeats 141 

(bases 94-3112) was amplified by PCR using the forward U2 

primer 5/-CCC GAA TTC AAT ACT GTG ACA GAA GAC us 

ACT CCT GC-3/ and the reverse primer 5/-CCC GGA TCC 144 

TTA TTG TTC TGG TTT ATT AGA GTG GCC-3/. Using 145 

the EcoRl engineered site at the 5/ end and the BamHl site en- ue 

gineered at the 3/ end, the fragment was cloned into pTrc99a 147 

(Amersham Pharmacia Biotech, Piscataway, NJ), placing the u& 

C terminal truncated product in frame with the ATG start 149 

codon of the vector. This construct, plasmid pLP605, was 150 



transformed into E. coli DH5a cells for expression of wild- 151 

type active peptidase. 152 

Additional modifications included the deletion of the 60 153 

amino acid propeptide at the N-tenninus [ 1 7] by PCR and in- 154 

activation of two out of three catalytic residues. Site-specific 155 

mutagenesis of the active aspartate at position 130 and the ise 
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157 serine residue at position 512 in the wild-type protein was 

158 done following a procedure described by Fisher and Pei [18]. 

159 Briefly, primers were designed for inverse PCR such that the 

160 two would abut each other in opposite orientations, and con- 

161 tained codon changes that replaced the aspartate and serine 

162 to alanine. Separate, inverse PCR amplification of plasmid 

163 pLP605 with mutant primers was performed using Expand™ 

164 Long Template PCR System (Boehringer Mannheim Cor- 

165 poration, Indianapolis, IN) resulting in a blunt end product. 

166 The PCR product was self-ligated and transformed into E. 

167 coli TOP 1 OF/ (Invitrogen Corporation, Carlsbad, C A). Once 

168 clones of interest were confirmed by DNA sequencing, the 

169 two mutations were combined by ligation of restriction frag- 

170 ments. The scpA D130A/S512A fragment from the resul- 

171 tant mutant plasmid, pLP664, was finally excised by restric- 
U2 tion digestion and subcloned into plasmid pBAD 1 8, resulting 

173 in plasmid pLP672, which was transformed into the E. coli 

174 strain BLR for expression. 

175 Generation of the C5a peptidase from group B strepto- 

176 coccus was conducted in a manner similar to that described 

177 for the group A streptococcal C5a peptidase. Because the 

178 nucleotide sequences of scpB and scpA to be amplified and 

179 subcloned are nearly identical the same primers were used for 

180 both. The DNA template used for cloning of wild-type scpB 

181 was from the serotype II strain 78-47 1 of group B streptococ- 

182 cus. The final scpB D 1 30A/S5 1 2 A double mutant was cloned 

183 into plasmid pBAD 1 8 to produce plasmid pLP676, which was 
164 also transformed into E. coli strain BLR for expression. 

185 2.3. Purification of recombinant D 130 A/S512A C5a 

186 peptidase (SCPAw and SCPBw) 

187 An overnight culture of either E. coli BLR(pLP672) or 
lee BLR(pLP676) was diluted 1 : 1 00 in fresh HSY medium con- 
ies taining chloramphenicol and grown to an ODsoo equal to 4.0 

190 before induction with 1% arabinose. Both proteins were pu- 

191 rifled by a combination of ammonium sulfate precipitation 

192 and ion-exchange chromatography on Q-Sepharose as pre- 

193 viously described [17]. Purified recombinant C5a peptidases 

194 were stored frozen at — 20 °C. 

195 2.4. Evaluation of C5a peptidase enzymatic activity 

196 Enzymatic activities of wild type C5a peptidase and 

197 D130A/S512A mutants were evaluated using the chro- 

198 mogenic substrate Ac-SQLRANISH-pNA [17]. For this 

199 purpose, 59 jxg (1 |xM) wild-type C5a peptidase and Ac- 

200 SQLRANISH-pNA (110|xM) substrate were incubated at 

201 37 °C in lOOmM Tris, pH 8.6. Analyses of D130A/S512A 

202 mutant proteins were performed with 2. 1 mg (33 |xM) of pro- 

203 tein. In both cases, the total volume of the reaction mix- 

204 ture was 0,5 ml. Assays were carried out in 1 cm path-length 

205 quartz cells. Reactions were monitored by continuous mea- 

206 surements of absorbance at 405 nm for 1 80-900 min. using a 
Spectromic Genesys 2 Spectrophotometer [17]. 



3 

2.5. Immunization protocol 207 

Vaccines containing tetanus toxoid (TT), ASCPA49, SC- 20s 

PAw and SCPBw proteins were prepared by mixing 5 u,g of 209 

antigen with lOOjxg of A1P04 (Alum) in a 50 (jlI volume 210 

overnight at 4°C. The following day 50 jxg of MPL (RIBI 211 

Immunochem Research, Hamilton, Mt.) was added, resulting 212 

in a total volume of 100 jjlI. The combination of Alum and 213 

MPL was used to achieve a more robust and broader IgG iso- 214 

type response to SCPA protein. Four- week-old female CD1 215 



mice (Charles River Laboratories) were immunized subcuta- 216 

neously at the scruff of their neck with 5 jxg of antigen per 217 

dose. Mice were boosted at 4 and 6 weeks following the first 21s 

inoculation with the same amount of antigen in adjuvant. 219 

Mice were bled after 10 days and challenged with strepto- 220 

cocci 13 days after the last boost. 221 

2.6. Antibody assays 222 



Mouse anti-SCPA IgG was measured by ELISA using 223 

250 ng of SCPAw to coat wells as previously described [19]. 224 

Goat anti-mouse IgG conjugated to alkaline phosphatase was 225 

used as the secondary antibody. Plates were developed for 226 

30 min after addition of substrate, titers are reported as recip- 227 

rocal dilutions that resulted in an absorbance, two standard 22a 

deviations greater than negative controls (sera from mice im- 229 

munized with TT). 230 

Neutralizing titers were assessed by measuring residual 231 

C5a peptidase activity, following incubation of peptidase 232 

with sera, and using a GST-C5a-GFP substrate [20], One 233 

hundred micro litres samples of sera diluted in PBS/1 % BSA 234 

were added to 250 ng of SCPA and the mixtures were incu- 235 

bated at 37 °C for 2h (neutralization of enzyme with anti- 235 

body). Then 20 ^1 of 50% GST-hC5a-GFP sepharose beads 237 

[20] were added to the SCPA-serum mixture, which was in- 239 

cubated for 45 min at room temperature. Released GFP was 239 



measured with a Bio-Tek FL600 Fluorescence reader. Neu- 240 

tralization titers were extrapolated from the dilutions that in- 241 

hibited 50% of the C5a peptidase activity. 242 

2. 7. Hep2 cell and fibronectin binding assays 243 

Protein binding to either Hep2 cells or fibronectin was 244 

measured using an ELISA format as previous described [21]. 245 

2.8. Infection of mice 2^ 

Experimental groups consisted of 8- 10- week-old mice 247 

(8-19 mice per group). Animals were anesthetized with 24s 

isoflurane before inoculation with 20 |ud of bacterial suspen- 249 



sion, IOjjlI into each nare. At various times after infection 250 

mice were euthanized by asphyxiation with CO2, and nasal 251 

tissue was harvested en bloc. Following disinfection with 252 

70% ethanol the skin on the snout was removed. Nasal tissue 253 

was sampled with dog nail clippers placed over the maxilla, 254 

just before the eyes. Tissue samples were added to 2 ml of 255 
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saline and weighed. Tissue was then homogenized, and cul- 
tured quantitatively on Columbia blood agar plates. Columbia 
agar is a selective medium, which limits growth of other bac- 
teria contaminating homogenized tissue preparation. After 
overnight incubation at 37 °C, the number of /^-hemolytic 
colonies on plates was counted. The quantity of CFU/mg tis- 
sue was calculated and the geometric mean for each group of 
mice was calculated. 



0.12r 



264 3. Results 



265 3.1. Vaccine constructs 



A truncated form of the peptidase, SCPAw, which lacked 
the signal sequence, propeptide, cell wall spanning region 
and peptidoglycan anchor was constructed by subcloning the 
appropriate PCR fragment using total DNA from strain 90 
to 226, a serotype Ml strain as template (Fig, 1). Residues, 
aspartic acid (D 130 ) and serine (S 512 ), were replaced with 
alanine to inactivate protease activity. SCPBw was derived 
from group B streptococcus, strain 78-491, a serotype II cul- 
ture [22]. Enzymatic activity of recombinant wild type pepti- 
dase and the effects of amino acid substitutions were assessed 
using chromogenic substrate Ac-SQLRANISH-pNA, which 
corresponds to a segment of human C5a. As expected, incu- 
bation of Ac-SQLRANISH-pNA in the presence of wild type 
C5a peptidase from group A streptococci was accompanied 
by an increase of absorbance at 405 nm, due to enzymatic re- 
lease of p-nitroamiline (Fig. 2). In contrast incubation of C5a 
peptidase D130A/S512A mutant proteins did not result in 
hydrolysis of substrate, indicating that the amino acid substi- 
tutions eliminated peptidase activity. Activity of the mutants 
was not detected even after prolonged incubation for 900 min 
with the Ac-SQLRANISH-pNA substrate. 

SCPA and SCPB proteins were recently discovered to be 
bi-functional; both proteins bind to fibronectin and epithelial 
cells with relatively high affinity [21]. The impact of these 
binding activities on streptococcal pathogenesis is unknown, 




20 40 60 80 100120 140 160 180 
Time (min) 

Fig. 2. Comparison of the protease activity associated with wild type SCPA 
(□), SCPAw (•) SCPBw (O) proteins and no enzyme (x). 0.5ml reac- 
tion mixtures contained 59u.g (1 |xM) wild type C5a peptidase and Ac- 
SQLRANISH-pNA (1 10 ijlM) substrate in 100 mM Tris, pH 8.6 and were 
incubated at 37 Z C. Mutant protein assays contained 2.1 mg (33 u,M) of pro- 
tein. The blank contained 110 (xM substrate without added enzyme. 



therefore, it was of interest to know whether mutant proteins 
used in this study retained ability to bind to Hep2 cells and 
to fibronectin. As shown in Fig. 3, deletion of the N-terminal 
region, containing the signal and propeptide sequences, and 
the C-terminal cell wall spanning-anchor domain dramati- 
cally reduced binding to both fibronectin and epithelial cells. 

3.2. Subcutaneous immunization of mice with SCPA and 
adjuvants induces a strong serum antibody response 

In earlier studies, we reported that intranasal inoculation of 
mice with purified recombinant ASCPA49, originally from 
an M49 strain, induced measurable SCPA specific slgA in 
saliva, and produced serotype independent protection from 
intranasally administered streptococci [10]. In the following 
experiments, we tested whether subcutaneous (SC) immu- 
nization of mice with recombinant SCPAw mixed with Alum 
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Fig. 1. Functional map of the streptococcal C5a peptidase. The first 31 amino acids correspond to the signal sequence, residues 32-59 correspond to the 
propeptide which is removed by autocatalytic intramolecular cleavage; Asp 130 , His 193 , and Ser 512 compose charge transfer residues, required for protease 
activity; RGDs (arginine, glycine, aspartic acid) sequences are located at positions 395 and 712. The solid heavy line represents the SCPAw and SCPBw forms 
of the protein with alanine substitution at positions Asp 130 and Ser 512 . The hatched box shows the position of deleted amino acids. 
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Fig. 3. Binding of SCPA protein to Hep2 cells and soluble fibronectin: (♦) activity of wild type full-length SCPA protein, (•) activity of the vaccine protein 
SCPAw. Purified protein was incubated with Hep2 cells (A), or Fibronectin coated microtiter plates (B) for 2 h at 37 °C. Bound SCPAw was detected with rabbit 
anti-SCPA, followed by HRP-goat anti-rabbit antibody, standard curves were developed by binding known amounts of protein to Maxisorb microtiter plates. 
Standard errors were less than 8% for all experiments. 
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and MPL adjuvants would also produce a strong antibody re- 
sponse, which would increase clearance of streptococci from 
the nasopharynx of mice. As expected, SC delivery of SC- 
PAw antigen resulted in a strong serum antibody response. 
Titers of specific anti-SCPA IgG from two independent ex- 
periments are shown in Fig. 4. Mean ELISA titers approxi- 
mated 1/64,000 and ranged from 1/25,000 to 1/265,000. 

We presumed that neutralizing antibody would enhance 
infiltration of phagocytes and be important for protection 
against infection. Neutralizing antibody titers were deter- 
mined using an assay based on cleavage of the fluorescent C5a 
mimic substrate, GST-hC5a-GFP [20]. Dilutions of mouse 
sera were pre-incubated with SCPA wild type, affinity puri- 
fied enzyme, and then residual peptidase activity was quan- 
titated fluorometrically by release of GFR The extrapolated 
dilution of serum that inhibited 50% of the SCPA activity 
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Fig. 4. Comparison of total anti-SCPA and neutralizing antibody titers of 
sera from two groups of mice, vaccinated at different times, with different 
batches of antigen. The vaccination protocol and assays are described in the 
methods section. Horizontal bars define the geometric mean of total antibody 
titers and the arithmetic mean of neutralizing titers. 



defined the titer (Fig. 4). Mouse sera had titers, which ranged 321 

from 1/20 to 1/375. Like total specific IgG titers, neutralizing 322 

antibody levels varied considerably from animal to animal. 323 

None of the mice that were immunized with tetanus toxoid 324 

had measurable anti-SCPA antibodies. The lower mean neu- 325 

tralizing titer in group II mice was a concern; therefore, assays 326 

of both sets of sera were repeated using a single preparation of 327 

GST-hC5a-GFP substrate. Similar differences in magnitude 328 

of titers were again observed (data not shown). Differences 329 

from experiment to experiment most likely reflect variations 330 

in mice, but could also be due to unknown differences in 331 

the quality of antigen lots. Analysis of sera from two experi- 332 

ments with 1 6 mice in each experimental group showed that 333 

neutralizing titers correlated positively with the magnitude of 334 

ELISA titer. The correlation coefficient for group I was 0.67 335 

with aP= 0.006 and 0.83 with P = 0.0001 for the second 336 

group of mice. Neutralizing titers, however, did not signifi- 337 

cantly correlate with protection. We are not certain whether 338 

this discordance reflects limits in resolving power of protec- 339 

tion experiments, or whether neutralizing antibodies in mice 340 

are less important for protection than anticipated. 341 

3. 3. Protection studies 342 

An important objective of this study was to determine 343 

whether a parenteral route of vaccination would enhance 344 

clearance of streptococci from the nasopharyngeal mucosa 345 

and/or prevent colonization of mice. In the first experiment, 3 46 

throats of intranasally infected mice were swabbed daily 347 

with caliginate swabs. Swabs were streaked on sheep blood 34a 

Columbia agar plates. A swab that produced more than two 349 

colonies on a plate was considered a positive culture. Mice 350 

were immunized as described in the methods section with ei- 351 

ther SCPAw or ASCPA49 antigen, originally derived from 352 

serotype Ml and M49 streptococci, respectively. Control 353 

mice were immunized with tetanus toxoid and adjuvants. 354 

Three separated experiments were performed. In the first, ex- 355 

periment I, mice immunized with ASCPA49 protein and ad- 355 

juvant more completely cleared M49 streptococci from their 357 
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Table 1 



Clearance of streptococci from the oral-pharynx of intranasal ly infected mice 



Vaccine antigen 


Challenge 3 strain 


Percent positive cultures 6 
Tetanus toxoid 


SCPA protein 


Experiment I: ASCPA49 


M49 CS101 


57.8(19) 


8.3(12) 


Experiment II: ASCPA49 


Ml 90-131 


33.3(15) 


8.3 (12) 


Experiment III: SCPAw 


Ml 90-131 


23.1 (13) 


7.6(13) 



a Experimental groups varied in number of mice. M49 and M 1 designate the serotype. Mice were inoculated intranasally with approximately 1 .5 x 10 9 CFU. 

b Percent positive cultures is the number of mice with positive cultures/number of mice inoculated. Numbers in parentheses equal the number of mice in 
each experimental group. Data are from specimens taken on days 4 and 5 for mice inoculated with strains CS101 and 90-131, respectively. The difference 
between mice immunized with tetanus toxoid and SCPA proteins were evaluated by the Fisher Exact Test; P = 0.01, 0.16 and 0.59 for experiments I, II, and 
III, respectively. 
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throats than those immunized with tetanus toxoid and adju- 
vants (Table I). Differences were statistically significant (P = 
0.01) in this experiment. In two other experiments mice were 
immunized with either ASCPA49 or SCPAw protein with ad- 
juvants. These mice cleared serotype Ml streptococci more 
completely from their throats than control mice; however, dif- 
ferences were not statistically significant. Although a trend 
for SCPA vaccinated mice to clear streptococci more effi- 
ciently than control mice was consistent with previous studies 
[10], lack of reproducibility was bothersome and prompted 
us to try another method to assess persistence of streptococci 
in immunized animals. 

To reduce variability associated with throat cultures and 
reassess protection we quantitated CFU in excised, homog- 
enized nasal tissue as described in the methods. At various 
times following intranasal inoculation mice were euthanized, 
and then nasal turbinates and associated lymphoid tissues 
were removed and homogenized in PBS buffer. Viable 
counts were performed by plating samples of homogenates 
on Columbia sheep blood agar. In the first experiment groups 
of mice were vaccinated with either SCPAw or tetanus toxoid 
and infected intranasally with the M49 strain CS101. CFU 
associated with dissected nasal tissues from three groups 
of mice at 16, 24, and 48 h post-infection were determined. 
As expected the number of CFU/mg tissue decreased with 
increasing time (Fig. 5). At 16 and 24 h post-infection mice 
that had been vaccinated with SCPAw had significantly fewer 



• Tetanus Toxiod 
A SCPAw 




24 

Time (hrs) 



Fig. 5. Residual CFU of GAS associated with homogenized nasal tissue: (•) 
the geometric mean number of CFU associated with nasal tissue dissected 
from mice immunized with tetanus toxoid and adjuvants, (A) the geometric 
mean number of CFU associated with nasal tissue dissected from mice im- 
munized with SCPAw protein, mixed with Alum and MPL adjuvants. Mice 
were challenged by intranasal inoculation with 1 x 10 8 CFU. Two-way 
ANOVA comparisons confirmed that the overall rate of clearance of strepto- 
cocci from mice immunized with SCPAw protein was significantly different 
from the rate of clearance from mice immunized with tetanus toxoid. P-value 
for this difference is 0.02. 



Table 2 



Clearance of streptococci from nasal tissue following intranasal inoculation 



Challenge strain 


Number of mice 


Geometric mean of CFU per 10 mg of tissue 

Vaccine tetanus toxoid Vaccine SCPAw 


Experiment I: Ml 90226 3 
Experiment 11: Ml 90226 6 
Experiment III: M49 CS101 C 


14 
16 
8 


30.0 0.0 
330.0 39 
230.0 13 



a Mice were challenged intranasally with 6.5 x 10 4 CFU. Twenty hours after infection they were euthanized and nasa! tissues obtained. Differences between 
mice immunized with tetanus toxoid and SCPAw were determined to be statistically significant with P = 0.02, using the Wilcoxon two-side test. Total and 
neutralization titers for mice in experiments I and II are shown in Fig. 4. 

b Mice were challenged with 1.2 x 10 5 CFU. Nasal tissues were obtained after 16 h. Differences between mice immunized with tetanus toxoid and SCPAw 
were determined to be statically significant with P - 0.001, using the Wilcoxon two-side test. 

c Mice were challenged intranasally with 6.0 x 10 7 CFU. Mice were euthanized 24 h. after infection and tissues were obtained. Differences between mice 
immunized with tetanus toxoid and SCPAw were determined to statically significant with P = 0.00 1 using a two-way ANOVA test. 384 
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385 CFU/mg tissue than those immunized with tetanus toxoid. 

386 Differences were not significant at the 48 h time point because 

387 one control mouse had died and the rest were nearly free of 

388 viable streptococci. After removing the time variable in the 

389 analysis and combining data from all three groups, a Two- 

390 way ANOVA comparison confirmed that the overall rate of 

391 clearance of streptococci from mice immunized with SCPAw 

392 protein was significantly greater than the rate of clearance 

393 from mice immunized with tetanus toxoid. P-value for this 

394 difference is 0.02. Note that smaller doses of streptococci 

395 were used in this and subsequent experiments than in the 

396 earlier experiment where throat swabs were used to assess 

397 residual streptococci. 

398 Subsequent experiments tested the influence of immuniza- 

399 tion on clearance of a serotype Ml strain 90-226 by quan- 
go titating CFU present in excised nasal tissue at a single time 

401 point after intranasal infection (Table 2). Both total SCPA 

402 specific antibodies and serum protease neutralizing titers var- 

403 ied significantly between mice (Fig. 4). In each experiment, 

404 mice vaccinated with SCPAw protein had more effectively 

405 eliminated streptococci from nasal tissue, than those vacci- 

406 nated with tetanus toxoid. Moreover, although the scpA gene 

407 originated from a serotype Ml strain, the SCPAw protein in- 

408 duced protection against both M 1 and M49 challenge strains 

409 of streptococcus, confirming that protection crosses serotype 

410 boundaries. 

411 3.4. Antibody directed against SCPA or SCPB 

412 neutralizes C5ase activity 

413 The sequence of scpA and scpB genes and the proteins 
4H they encode are 95-98% identical [22,23]. Antibody directed 

415 against either protein will react with both proteins on West- 

416 ern blots, and the proteins equally compete with each other 

417 in competitive ELISA experiments (data not shown). These 

418 similarities suggest that antibodies to either protein should 

419 neutralize cleavage of C5a and that vaccination with either 

420 protein should induce a protective immune response. Experi- 

421 ments were performed to determine whether rabbit antibody, 

422 induced by each protein, is able to neutralize the C5ase activ- 

423 ity of the other protein. In these experiments either recombi- 

424 nant, wild type SCPA or SCPB proteins were pre-incubated 

425 with rabbit serum. After 2 h, the amount of residual C5ase 

426 activity was measured using the GFP release assay (Table 3). 

427 Sera from rabbits immunized with either SCPAw or SCPBw 

428 protein significantly neutralized activity associated with both 

429 SCPA and SCPB enzymes. Differences in percent inhibition 

430 of SCPA and SCPB activities were not statistically signif- 

431 icant. Serum from a rabbit immunized with tetanus toxoid 

432 had no effect on activity. 

433 Neutralization of C5ase activity associated with intact 

434 group A and B streptococci was also tested (Table 4). Ami- 

435 serum directed against SCPAw inhibited from 38.2 to 73.3% 

436 of the GFP released by either genus of streptococcus dur- 

437 ing 16 h incubation of bacteria with GST-C5a-GFP bound 

438 to Sepharose beads. Rabbit anti-SCPBw also inhibited from 



Table 3 



Rabbit antibody inhibits both SCPA and SCPB C5a peptidase activity 



Enzyme serum 


Percent inhibition 




SCPA peptidase 


SCPB peptidase 


No serum 


0.0 


0.0 


Rabbit anti-SCPA 


90.8 


63.9 


Rabbit anti-SCPB 


91.1 


59 


Rabbit anti-TT 


0.0 


0.0 



Anti-TT is serum from a rabbit immunized with tetanus toxoid. Dilutions 
(1/100) of sera were preincubated with 200 ng of purified recombinant pro- 
tein in Tris-BSA buffer in a total volume of 1 00 u.1 for 2 h at 37 " C. Triplicate 
20 jjlI samples were removed and mixed with 20 |xl of a 50% suspension of 
GST-C5A-GFP beads. Relative fluorescence units (RFU) were measured 
after 45 min incubation at 37 °C. Percent inhibition was calculated from 

the formula: [(RFUanti-TT serum - R-FU ra bbit serum )/RFU an ti -TT scrum] X 100. 

Percent inhibition is from a single representative experiment. 

53.2 to 69% of the activity associated with group A strains 439 

with different M proteins and three group B strains of dif- 440 

ferent serotype. Differences in percent inhibition between 441 

strains of streptococci or sera were not statistically signifi- 442 

cant. These results correlated with previous protection stud- 443 

ies, which demonstrated enhanced clearance of group A 444 

streptococci from the nasopharynx of mice immunized with 445 

SCPA [ 1 0] and with those that observed clearance of group B 446 

streptococci from lungs of mice immunized with SCPB [19]. 447 

3.5. Immunization with SCPAw or SCPBw increases 448 

clearance of streptococci from lungs 449 

The fact that hyper-immune rabbit serum directed at ei- 450 

ther SCPA and SCPB proteins neutralized enzymatic activity 451 

encouraged us to test whether immunization with either pro- 452 

tein would enhance clearance of streptococci from lungs of 453 

mice. The infection model and conditions were the same as 454 

those used to investigate clearance of group B streptococcus 4S5 

from mouse lungs [19]. Mice were immunized as described 456 

above, but they were challenged intranasally with a relatively 457 

Table 4 



Antibody inhibition of C5 a peptidase activity associate group A and B strep- 
tococcal cells 



Streptococcal strain 3 


Anti- SCPAw percent 


Anti-SCPBw percent 




inhibition 1 * 


inhibition 


90226 serotype Ml 


73.3 ±0.9 


60.0 ± 5.0 


CS101 serotype M49 


42.1 ± 13.9 


37.6 ±21.8 


M5005 serotype Ml 


61.8 ± 11.6 


53.1 ±8.2 


GBS S2 serotype VI 


70.6 ± 1.1 


68.5 ± 1.3 


GBS serotype III 


64.5 ± 5.0 


44.5 ± 9.4 


78-471 serotype II 


38.2 ± 27.4 


53.2 ±8.2 



a Washed log phase bacteria, grown in THY, were concentrated to 5 x 
10 10 ml" 1 in Tris-BSA buffer. Ninety microlitres of each suspension was 
mixed with a 1/50 dilution of rabbit antiserum and incubated 2h at 37 °C 
before addition of 20 m-1 of beads with bound GST-C5a-GFP. This mixture 
was incubated 16 h at 37 ; C. Bacterial cells and beads were pelleted by 
centrifugation and fluorescence retained in the supernatant was determined 
in triplicate. 

b Percent inhibition of GFP release from beads is the mean of two inde- 
pendent experiments ± S.E.M. 
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Fig. 6. Residual CFU of streptococci associated with homogenized lungs; 
grey bars are CFU cultured from lungs derived from mice immunized with 
tetanus toxoid, black bars are CFU cultured from lungs derived from mice 
immunized with SCPA (A), from mice immunized with SCPB (B). The 
two-sided exact /^-values were calculated by the Wilcoxon rank-sum test. 

458 larger volume of 90-226 group A streptococcus suspension. 

459 Instead of 20 jxl, 50 (xl of streptococcal suspension were in- 

460 troduced into one nostril, which results in reproducible in- 

461 troduction of streptococci into the lungs [19]. An effective 

462 vaccine should block infection at the earliest possible stage 

463 of infection before the bacteria have had an opportunity to 

464 colonize mucus membrane or establish infection at a nor- 

465 mally sterile site. This consideration prompted us to assess 

466 vaccine efficacy shortly after inoculation. As observed in the 

467 nasopharynx most bacteria were cleared from the lungs by 

468 48 h, irrespective of immune status. First, it was determined 

469 that 4-7 h. post-inoculation was an optimal time for 90% of 

470 infected control mice to retain measurable viable streptococci 

471 in their lungs (data not shown). Infection of mice, immu- 

472 nized with SCPAw protein significantly reduced the number 

473 of mice that retained streptococci and reduced the number 

474 of CFU associated with homogenized lung tissue (Fig. 6A). 

475 The difference in CFU in lung tissue between control mice 

476 and those immunized with SCPAw was significant with P = 

477 0.004. Immunization with SCPBw had a comparable impact 

478 on clearance (Fig, 6B). Mice immunized with SCPBw also 

479 cleared streptococci from their lungs more efficiently than 

480 those immunized with tetanus toxoid. This difference had a 

481 P = 0.003. These experiments confirmed that immunization 

482 with C5a peptidase protein from either group A or group B 

483 streptococci will provide protection against group A strepto- 

484 coccus infections. 



485 4. Discussion 

486 Group A streptococcus is responsible for one in ten visits 

487 to a general practitioner's office, and streptococcal disease is 

488 even more frequent during fall and winter months in temper- 

489 ate climates from the United States to Europe. Although seri- 

490 ous disease, such rheumatic fever, child bed sepsis and other 



debilitating and deadly infections declined dramatically in 491 

the 19th century, in the US and Europe this pathogen con- 492 

tinues to be burdensome for families. What parent has not 493 

had to interrupt their work schedule several times a year to 494 

take a 5-10-year-old child to the pediatrician for throat cul- 495 

tures or one of several rapid tests for group A streptococcus. 496 

Moreover, 25-40% of the time oral penicillin fails to eradi- 497 

cate the bacteria, and among those failures nearly a third will 498 

have repeated infections by the same strain of streptococcus 499 

[3,4,24]. The incidence of serious streptococcal infections 500 

among the poor and disadvantaged in both developed and 501 

under developed countries has changed little over the past 502 

century. The incidence of rheumatic fever has been reported 503 

to be as high as 4-6/1000 in Indian and African populations, 504 

and among indigenous people of Australia and New Zealand 505 

[25,26]. In many economically deprived regions of the world soe 

40% of those who visit cardiology clinics have mitral valve 507 

disease, a remnant of childhood rheumatic fever. The World sos 

Health Organization estimates that 500,000 die every year 509 

from Rheumatic fever or rheumatic heart disease, and those 510 

disabled by streptococcal disease are significantly greater in 511 

number [27]. 512 

An optimal vaccine would interrupt colonization of the 513 

throat by all serotypes and fail to induce autoimmune reac- 514 

tions and other potential side effects. Vaccinologists antic- 515 

ipate that significant reductions in pharyngitis and carriage 516 

of streptococcus would also greatly diminish serious strep- 517 

tococcal disease. Here, we investigated whether parenteral sis 

immunization, a widely employed, relatively safe method for 519 

vaccine delivery, would also produce protection against in- 520 

tranasal infection with group A streptococcus. The vaccine 521 

protein, SCPAw, contains a truncated form of the strepto- 522 

coccal C5a peptidase, which lacks propeptide and cell wall 523 

anchor domains, and which contains mutations in two amino 524 

acid residues required for catalytic activity. This enzymati- 525 

cally inactivated recombinant protein was mixed with Alum 526 

and MPL adjuvants just prior to subcutaneous injection. To- 527 

gether these adjuvants are expected to induce a more intense 52s 

and broader IgG isotype immune response than either one 529 

alone. 530 

Humans are the only known hosts for group A streptococ- 531 

cal infection. Primate, like mouse models, require relatively 532 

large numbers of group A streptococcus to produce long term 533 

colonization, and are prohibitively expensive. Therefore, we 534 

chose the murine intranasal infection model that had been 535 

previously employed to evaluate group A streptococcus vir- 536 

ulence [8-1 0, 1 9,29]. Some investigators have questioned the 537 

intranasal mouse model because mice lack palatine tonsils 53a 

and because they are relatively resistant to infection. More- 539 

over, variation in both cellular and extracellular virulence 540 

factors among different strains and serotypes requires op- 541 

timization of the dose of streptococcus and time of spec- 542 

imen collection for each strain used in the study. Though 543 

rarely achieved, long-term colonization requires that strains 544 

be passed several times in mice. This was shown to dramati- 545 

cally change both cell surface and extracellular proteins ex- 546 
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547 pressed by the bacteria [30]; changes that may not be per- 

548 tinent for persistence in human tonsils or the nasopharynx. 

549 In most experiments we assessed the impact of vaccination 

550 on clearance of streptococci from the oral-nasal mucosa very 

551 early after intranasal inoculation. Our rationale was that the 

552 most effective vaccine would promote immediate clearance 

553 of streptococci from the mucosa, before they have adjusted 

554 to this microenvironment, expanded their numbers and col- 

555 onized. We presumed that colonization precedes symptoms 
sse and disease. Experiments with bioluminescent recombinant 

557 group A streptococcus validated our decision to assess re- 

558 tention of streptococci within hours after intranasal inocula- 

559 tion, and suggested that this model of infection may better 
seo reflect the human situation than originally anticipated [28]. 

561 Bioluminescent bacteria are initially cleared from the nasal 

562 mucosa, but their numbers increase again by 24 h with forma- 

563 tion of microcolonies dispersed throughout nasal associated 

564 lymphoid tissue (NALT) [28]. 

565 Our goal here was to enhance clearance of streptococci 
see from the nasopharyngeal mucosa. Since the challenge strains 
567 used in this study had not been passed in mice and produce 
see relatively small hyaluronic acid capsules, control mice, im- 

569 munized with tetanus toxoid, effectively cleared most strep- 

570 tococci within 48 h. Both throat cultures and viable counts 

571 of streptococci associated with homogenized nasal tissue 

572 were used to evaluate persistence of streptococci. The lat- 

573 ter method was more quantitative than throat swabs, but was 

574 still subject to significant variation from animal to animal, and 

575 from experiment to experiment. In earlier experiments, non- 
576 anesthetized mice were inoculated intranasally; however, for 

577 later experiments mice were lightly anesthetized with isofiu- 

578 rane before inoculation with bacteria. This somewhat reduced 

579 variability between animals. We expect that variability also 
seo reflects the genetic dissimilarity of these outbred mice. 

581 Subcutaneous injection of SCPAw protein with adjuvants 

582 clearly resulted in more rapid clearance of streptococci from 

583 the noses and throats of mice, whether residual streptococci 

584 were assessed by throat culture or quantitated in excised, ho- 
ses mogenized suspensions of external nasal tissue. SCPA spe- 

586 cific IgG titers were routinely high following vaccination, 

587 and the vaccine did not cause observable deleterious effects 
sea on mice. Although neutralizing antibody was measurable in 
sag immunized animal sera and titers had a positive correlation 
seo with total IgG titers, the quantity of neutralizing antibody did 

591 not correlate with protection. We suspect that the resolving 

592 powers of protection experiments and the protease assay are 

593 insufficient to make this correlation; however, other expla- 

594 nations are also possible. We recently discovered that SCPA 

595 and SCPB proteins bind directly to epithelial cells in vitro and 

596 contribute to invasion of these cells by both group A and B 

597 streptococci ([21], Cleary unpublished). Moreover, antibody 

598 " directed against either protein deters ingest of both species 

599 of streptococci by these cells. Therefore, blockage of bacte- 
eoo rial invasion of the nasal mucosa by anti-SCPA may be as 

601 important as neutralization of proteolytic activity in the ex- 

602 perimental infection model used here. 
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Since SCPAw and SCPBw proteins are 98% identical eos 

in sequence we postulated that immunization with either 604 

protein would provide protection again group A streptococ- eos 

cal infections. Immunization of mice with SCPB promoted eoe 

clearance of group B streptococci that are introduced into 607 

their lungs [19]. As predicted, vaccination of mice with SCP eos 

protein from either species resulted in high antibodies titers eoo 

(data not shown), and more rapid clearance of a serotype eio 

Ml strain from their lungs. Thus, a vaccine that contains en 

either SCPAw or SCPBw protein may reduce the incidence 612 

of disease caused by both common streptococcal pathogens. 613 

Although less common Group C, and G streptococci are eu 

associated with pharyngitis, as well as more serious systemic 615 

infections [29,31]. The DNAs from human isolates of these eie 

species also encode SCP proteins that are highly similar to 617 

SCPA ([7], unpublished data). Therefore, it is reasonable to eis 

postulate that immunization with a C5a peptidase subunit 619 

vaccine would also reduce the incidence of infections caused 620 

by these less common species. 621 , 

Vaccine development for prevention of group A strepto- 622 

coccal disease has long focused on antigenically variable M 623 

protein. More recent efforts have attempted to circumvent 624 

antigenic variability and potential tissue cross reactive char- 625 

acteristics by using defined regions of recombinant M pro- 626 

tein. Immunization with recombinant peptides, which contain 627 

the conserved C-repeats [32], or a highly conserved epitope 628 

also in the C-repeats [33] induced protection in murine mod- 629 

els of infection, suggesting that a vaccine need not include 630 

serotype specific epitopes. Dale, on the other hand, engi- 63 1 

neered a chimera that combined multiple peptides in a formu- 632 

lation with up to 23 different M protein partial sequences [34]. 633 

Relative to M protein the surface bound streptococcal 634 

C5a peptidase has only recently been considered a vaccine 635 

candidate. Experiments presented here extend previous 636 

studies by showing that parenteral immunization with C5a 637 

peptidase derived from either group A or group B strepto- 638 

cocci will induce serotype independent protection in mice. 639 

The immune response to streptococcal skin infection has not 640 

been seriously investigated, nor have vaccine candidates, 64 1 

including the C5a peptidase, been tested for their capacity 642 

to limit skin infections in animal models. The boundary 643 

between serotypes associated with impetigo and pharyngitis 644 

is not absolute. The M49 strain CS101 employed here and 645 

in previous experiments [10] is a serotype known to be 646 

associated with skin infections and acute glomerulonephri- 647 

tis. These streptococci were cleared more rapidly from 648 

the nasopharynx by immunized mice, leaving open the 649 

possibility that immunization with SCP protein could also eso 

enhance clearance of streptococci from the skin and prevent esi 

or reduce the incidence of impetigo. 652 
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